Background: Brazil's Atlantic Forest is a biodiversity hotspot endangered by severe habitat degradation and fragmentation. Habitat fragmentation is expected to reduce dispersal among habitat patches resulting in increased genetic differentiation among populations. Here we examined genetic diversity and differentiation among populations of two Heliconius butterfly species in the northern portion of Brazil's Atlantic Forest to estimate the potential impact of habitat fragmentation on population connectivity in butterflies with home-range behavior. Results: We generated microsatellite, AFLP and mtDNA sequence data for 136 Heliconius erato specimens from eight collecting locations and 146 H. melpomene specimens from seven locations. Population genetic analyses of the data revealed high levels of genetic diversity in H. erato relative to H. melpomene, widespread genetic differentiation among populations of both species, and no evidence for isolation-by-distance.
Background
Landscape structure has a fundamental influence on the distribution of populations, affecting their demography and genetics [1] . Some populations may be found continuously distributed while others are patchily distributed across their range, both of which may ultimately lead to some degree of genetic differentiation. Such geographic patterns of genetic variation reflect both historical processes, such as natural selection, and contemporary gene flow [2] .
Gene flow determines the potential for genetic differentiation among populations and for local adaptation and the spread of novel adaptations [3, 4] . In butterflies, as in other organisms, the nature and extent of gene flow is largely dependent on the mobility of individuals.
Species with high vagility may disperse over large distances and therefore have extensive gene flow over large areas resulting in more homogeneous populations [5] [6] [7] [8] , whereas in species with low vagility, the effect of restricted dispersal will be evident at fine spatial scales [9] [10] [11] . Furthermore, gene flow may also be affected by a variety of ecological factors such as mating habits, gender-biased dispersal, diet specialization, habitat and population persistence, environmental factors and geographic distance [12] .
Extensive studies using molecular markers on butterflies have shown how fragmentation leads to the reduction of gene flow among populations in different habitat patches and increases genetic differentiation among populations [9, [13] [14] [15] . In fact, intra-and inter-population genetic variability is generally more affected in small patches of habitat and in small populations [6, 16] . Fragmentation may even affect species with high vagility * Correspondence: mkronforst@cgr.harvard.edu 2 FAS Center for Systems Biology, Harvard University, Cambridge MA 02138, USA Full list of author information is available at the end of the article [8, 11] , leading to a decrease in genetic diversity due to reduced gene flow between populations.
However, even though information on the relationship between fragmentation and genetic diversity in butterflies is available, many of these studies have been conducted with temperate species [6, 14, 17, 18] . To date, few such studies have been conducted with tropical species. One tropical region of particular interest for this type of study is Brazil's Atlantic Forest (Figure 1 ), a highly fragmented biodiversity hotspot that has a high level of species endemism [19] , including butterflies [20, 21] . After more than 500 years of intensive human occupation, less than 7% of the original forest remains [22] and this region is now considered a priority area for conservation [23] .
Heliconius butterflies are a well-studied group of tropical organisms [24] [25] [26] [27] [28] [29] [30] , commonly found in New World tropical and subtropical forests [31] . Markrecapture studies of Heliconius have shown that populations remain fairly stable over time, usually at low densities [26] . After a brief period of dispersal, Heliconius adults establish themselves in areas where they remain for the rest of their lives [32] . Thus, populations of Heliconius are organized in moderately sedentary units, with little movement of individuals, apparently as a result of home range behavior [32] . These behaviors suggest that gene flow among geographically separate populations may be low.
Yet, little is known about geographical structure of Heliconius populations and the effects of fragmentation on population connectivity. Most studies have employed mark-recapture methods to infer population structure [32] [33] [34] [35] [36] [37] [38] [39] , but some evidence from molecular markers is available. For instance, Kronforst & Fleming [7] analyzed population genetic structure of the highly vagile species Heliconius charithonia using allozymes and found low genetic diversity and no evidence of genetic subdivision in south Florida. Additional studies with allozymes have found little evidence for genetic differentiation in other Heliconius species [40] [41] [42] . In contrast, Kronforst & Gilbert [43] found evidence for extensive genetic differentiation and isolation by distance across multiple Heliconius species in Costa Rica using AFLP markers.
Population genetic structure in Heliconius also has important implications for the evolutionary dynamics of mimicry. Heliconius erato and H. melpomene are distantly-related species belonging to different clades within the genus [24, 44] . These two species are Müllerian mimics of one another throughout their shared range of Central and South America but they have both diversified, in parallel, into over 20 geographic wing pattern races. Historically, the co-mimetic radiations of H. erato and H. melpomene were thought to have occurred in parallel across time and space, possibly facilitated by Pleistocene rainforest refugia [31] . However, data from a variety of sources, including modern population genetic data [45] [46] [47] , support an alternative 'mimetic advergence' hypothesis [48] , with H. erato radiating first and establishing the diversity of wing patterns which H. melpomene later evolved to mimic. A remaining issue then is how H. erato originally diversified, given the strong stabilizing selection expected on warning coloration. One hypothesis is that stochastic events in local populations have occasionally allowed novel phenotypes to drift over the frequency threshold necessary to become a learned, and hence protected, warning pattern [49, 50] and this may be playing out as part of a larger "shifting-balance" type process [51] [52] [53] . This process requires small local population sizes as well as drift, and existing molecular data provide mixed evidence as to whether these conditions are generally met in Heliconius; allozymes have generally shown little structure while AFLPs have revealed more.
Our current analysis of population genetic structure in Heliconius was hence motivated by two factors. First, we were interested in determining the potential impact of the highly fragmented habitat along Brazil's Atlantic Forest on population connectivity in butterfly species with home range behavior. Second, we were interested in whether replicate analyses of population genetic structure in different geographic regions, and with a diversity of molecular markers, provide evidence for or against substantial population genetic structure in Heliconius. The generality of this phenomenon has important implications for the potential role of drift in color pattern diversification, as long as it has also occurred throughout the evolutionary history of Heliconius butterflies and independent of human activity. To address these questions, we analyzed the population genetic structure of co-mimics H. erato and H. melpomene throughout a portion of Brazil's Atlantic Forest using three types of molecular markers; microsatellites, AFLPs, and mitochondrial DNA sequences. Our results reveal substantial genetic differentiation among populations and intriguing differences between species and among molecular markers, reflecting the unique population biology of our study system and its geographic context.
Results and Discussion
Brazil's Atlantic Forest is a biodiversity hotspot endangered by extreme deforestation. To examine the potential impact of this habitat fragmentation on butterfly dispersal, we measured genetic diversity and differentiation among remnant forest patches for two co-mimetic Heliconius butterfly species, H. erato and H. melpomene. Our analysis included multiple populations of both species and three distinct classes of molecular markers, allowing us to compare and contrast patterns across species, populations, and types of molecular data.
Genetic Diversity
Across all marker types, H. erato displayed greater genetic diversity than H. melpomene (Table 1) , which is consistent with previous genetic comparisons between the two species [43, 45, 47, 54] . Elevated genetic diversity in H. erato, relative to H. melpomene, is commonly attributed to the fact that H. erato is generally more abundant than H. melpomene [26, 48, 55, 56] , which could result in a larger effective population size. Another potential contributing factor is that the geographic radiation of H. erato predates that of H. melpomene [45] , allowing more time for the accumulation of standing genetic variation. It is unclear whether these explanations may apply to our sampling locations however.
For instance, our collections revealed that H. melpomene is as abundant, or more abundant, than H. erato across most of our collecting sites. In addition, recent data suggest that H. melpomene may have originated in coastal Brazil while H. erato colonized this region after originating in western South America [47] , which may mean that the two species have occupied this area for similar lengths of time. Regardless of the cause, our data show that H. erato is 14 times more variable than H. melpomene at mtDNA, seven times more variable at AFLP markers, and 1.3 times more variable at microsatellite loci (Table 1) .
Differentiation and isolation-by-distance
Our analyses revealed widespread genetic differentiation in both species but substantial variation across marker types. Overall, H. erato displayed significant genetic differentiation at both AFLPs and mtDNA but not microsatellites while H. melpomene displayed significant genetic differentiation at microsatellites and AFLPs but not mtDNA (Table 1) . Pairwise comparisons among populations revealed similar patterns. For instance, based on microsatellites, seven population comparisons were significant in H. melpomene while only two were significant in H. erato ( Table 2 ). With AFLPs, virtually all pairwise comparisons were significant in both species (Table 3) . Finally, mtDNA revealed 13 significant comparisons in H. erato and only four in H. melpomene (Table 4 ). Interestingly, mtDNA revealed much more genetic differentiation in H. erato than did the nuclear markers, suggesting females may be more sedentary than males in this species. While genetic differentiation appears to be widespread in both species, none of the tests for isolation-by-distance were significant (Table 1 ). This indicates that geographic distance alone is not a good indicator of genetic distance among populations.
Implications for habitat fragmentation and mimicry
Human activity in Northeastern Brazil over the last five hundred years has generated substantial habitat fragmentation in this region [57] . Today, much of Brazil's Atlantic Forest is highly fragmented with few stretches of continuous forest [19] . Because Heliconius butterflies are relatively sedentary, we expect this extensive fragmentation to limit migration among habitat patches and potentially generate genetic differentiation among populations over time. Consistent with this expectation, our analyses revealed widespread genetic differentiation among populations of both H. erato and H. melpomene. While it seems likely that the observed genetic differentiation is at least partially related to extensive habitat fragmentation, future comparative work in undisturbed habitats will be required to quantify the exact impact of fragmentation relative to baseline differentiation among populations in a natural setting.
The extent of population subdivision across the range of Heliconius species has potentially important implications beyond estimating the impact of fragmentation on population connectivity. For instance, it has been proposed that novel color patterns may occasionally arise and become locally abundant as a result of genetic drift [49, 51] . From there, these patterns may spread out to neighboring populations via a shifting balance type mechanism, thereby generating the geographic patchwork of wing pattern races which are particularly evident in H. erato and H. melpomene [51, 58] . The baseline conditions necessary for this process to operate are small local population sizes and genetic drift, but allozyme data from a variety of Heliconius species have shown that populations are not genetically differentiated, arguing against local population genetic structure and drift. In contrast, a recent study revealed widespread genetic differentiation among Heliconius populations from Costa Rica based on AFLP data [43] . Here we have shown that population genetic differentiation is common in Heliconius and evident in microsatellites and mtDNA sequence data, in addition to AFLPs. If Heliconius populations are generally subdivided, independent of human induced habitat fragmentation, this may have allowed drift to contribute to the establishment of novel warning pattern phenotypes over their evolutionary history.
Conclusions
Brazil's Atlantic Forest is a highly fragmented habitat and a priority for conservation efforts. Here we have shown that populations of two Heliconius butterfly species from the northern Atlantic Forest display widespread population genetic differentiation. These results are consistent with the expectation that fragmentation should reduce dispersal among neighboring habitat patches. The results also lend support to the observation that fine-scale population genetic structure may be common in Heliconius, which may have contributed to the evolution of mimetic diversity in the genus.
Methods

Sample collection
Between January 2007 and January 2008, we collected adult Heliconius erato and Heliconius melpomene specimens from various populations throughout the State of Rio Grande do Norte in northeastern Brazil (Figure 1 ). Our final sample set consisted of 136 H. erato from 8 locations and 146 H. melpomene from 7 locations (Table 5) , with distances between sites ranging from 3 to 314 km. Seven sites were remnant patches of coastal Atlantic Forest and one was a cooler habitat island in the semi arid Caatinga scrub.
Microsatellite analysis
Using eight individuals from each species, we performed an initial screen of fourteen microsatellite loci: nine (Hel02, Hel04, Hel05, Hel08, Hel10-13, Hel15) described by Flanagan et al. [59] , four (Hm06, Hm08, Hm16, Hm22) described by Mavárez & González [60] , and one (He-Ca-001) described by Tobler et al. [61] . The microsatellites that amplified consistently were selected for analysis ( Table 6 ). PCR amplification was performed using standard conditions and reagents following Flanagan et al. [59] and Mavárez & González [60] . Fluorescent-labeled PCR products were separated with an ABI3730 Genetic Analyzer (Applied Biosystems, Foster City, CA.) and sized and scored using ABI GeneMapper software v. 3.7.
For each locus we calculated standard population genetic statistics such as allele frequencies, expected heterozygosity (H E ), observed heterozygosity (H O ), and deviations from Hardy-Weinberg equilibrium using Arlequin 3.0 [62] . In addition, we used Arlequin 3.0 to estimate AMOVA-based [63] fixation indexes (F ST ) and to perform Mantel tests, comparing population pairwise F ST values to straight line geographic distances, to test isolation-by-distance (IBD).
AFLP analysis
We genotyped each individual with AFLPs using a plant mapping kit (Applied Biosystems) and separated fragments with an ABI3730 Genetic Analyzer. Three selective primer combinations were used to generate fragments: EcoRI-ACT/MseI-CAT, EcoRI-ACT/MseI-CTG and EcoRI-ACA/MseI-CTG. We separated fragments with an ABI3730 Genetic Analyzer and scored fragments between 50 and 500 bp using ABI GeneMapper software v. 3.7. For each species, we calculated AFLP gene diversity using the Bayesian method of Zhivotovsky [64] . We calculated F ST values and performed Mantel tests using Arlequin 3.0.
Mitochondrial DNA analysis
We PCR amplified and sequenced a 1600 bp region of mitochondrial DNA from each individual using the primers and methods described by Béltran et al. [65] . This region spans the 3' end of COI, tRNA-Leu, and COII. Contigs were assembled with Sequencher 3.1 (Gene Codes Corporation, Ann Arbor, MI) and aligned by eye. Arlequin 3.0 was used to calculate nucleotide diversity (π) and F ST values as well as perform Mantel tests. DNA sequences were submitted to GenBank under accession numbers GU330064 -GU330070, GU330108 -GU330114, and HQ701917 -HQ702184.
